Time-resolved microscopic transient lens ͑TR-M-TL͒ and near-field scanning optical microscopic transient lens ͑NSOM-TL͒ were performed to reveal temporal and spatial behavior of carrier dynamics in InGaN/ GaN quantum wells. The carrier and thermal dynamics were observed through the time profile of the TR-M-TL signal. Also, NSOM-photoluminescence and NSOM-TL images were observed at the same time. By comparing these two images, both radiative and nonradiative recombination centers in InGaN active layer were unambiguously discriminated with submicrometer scale. Such nonradiative carrier dynamics has been difficult to observe by conventional techniques in spite of its importance.
InGaN quantum well ͑QW͒-based light-emitting diodes ͑LEDs͒ are expected to eventually replace more traditional fluorescent tubes as illumination sources. 1, 2 In order to improve the efficiency of light emission from InGaN QW, we have to elucidate and understand the carrier dynamics and light emission mechanics. There are a lot of reports on the spatial resolved studies for InGaN by cathodoluminescence, [3] [4] [5] near-field scanning optical microscopy ͑NSOM͒, [6] [7] [8] [9] [10] [11] [12] or scanning confocal microscopy. 13, 14 By these techniques, the radiative carrier recombination process has been observed with submicrometer scale. However, these techniques cannot observe the nonradiative processes of carriers in spite of its importance. Recently, we have reported the time-resolved measurement with NSOM and have succeeded in the direct observation of the carrier diffusion and localization process. 15, 16 However, direct observation of the nonradiative carrier recombination process has still been very difficult.
Recently, we succeeded in the direct observation of the carrier diffusion, nonradiative recombination, and thermarization processes by using the transient grating ͑TG͒ technique. 17, 18 Also we reported the spatial resolved measurements of carrier and thermal dynamics by the transient lens ͑TL͒ technique. 19, 20 The TG and TL techniques measure the third-order nonlinear response induced in the materials by the excitation laser. In this letter, the TL technique is developed to the time-resolved measurement ͑TR-M-TL͒ and near-field scanning optical microscopic measurement ͑NSOM-TL͒, and applied to the carrier dynamics study in InGaN/ GaN QWs.
The experimental setup of the TR-M-TL is shown in Fig.  1͑a͒ . A frequency-tripled Nd: yttrium-aluminum-garnet laser ͑355 nm͒ and a continuous wave ͑cw͒-He-Ne laser ͑633 nm͒ were used as pump and probe beams, respectively. The pulse width, power and repetition rate of the pump beam are 10 ns, 0.3 mJ/ pulse and 3 Hz, respectively. Both pump and probe beams were focused by an objective lens ͑ϫ40͒ on the sample. The diameter ͑͒ of the focused laser spot is =3 m. Focusing or defocusing of the probe beam by the transient lens effect was detected with a pinhole, a glass filter, and a photomultiplier.
The experimental setup of the NSOM-TL is shown in Fig. 1͑a͒ . A similar setup has been reported for the photothermal measurement of the NSOM. 21 We used a Twin-SNOM system ͑OMICRON͒ with a time-modulated ͑400 Hz͒ InGaN laser ͑405 nm͒ and a cw-AlGaAs laser ͑830 nm͒ as pump and probe beams, respectively. Both beams were coupled into a metal-coated optical fiber tip. The aperture size at the end of the tip was 200 nm, and the pump and probe beam power levels, before coupling into the optical fiber, were 5 and 1 mW, respectively. The NSOM-photoluminescence ͑NSOM-PL͒ signal and the NSOM-TL signal were separated by a dichroic mirror and colored glass filter and detected with a photomultiplier and a highly sensitive ͑fW͒ InGaAs photodetector with a lock-in amplifier system, respectively. The distance between the tip and the sample surface is cona͒ Author to whom correspondence should be addressed; electronic mail: kokamoto@caltech.edu The InGaN/ GaN/ AlGaN-based LED wafer, grown by a metalorganic chemical vapor deposition, was purchased from AXT Inc. The sample is composed of a sapphire substrate, a GaN buffer, an n-GaN, InGaN/ GaN 3 QW active layers, a p-AlGaN, and a p-GaN cap layer. This wafer has light emission at the green wavelength region ͑peak: 525 nm͒. Figure 2͑a͒ shows the typical time profile of the TR-M-TL signals. The observed signal has two components, namely a spike-like positive component and a slowly decaying negative component. The positive and negative signals were produced by the focused and defocused probe beam by the TL generated in the sample. By solving ABCD law, it was found that these signal intensities are proportional to the refractive index change ͑␦n͒ induced by excitation. 19 The induced carrier density change ͑␦N͒ and subsequently induced temperature change ͑␦T͒ by nonradiative recombination can contribute to the TL signal. Time ͑t͒ and space ͑x͒ dependent ␦n is given by ␦n͑x,t͒ = ͩ ‫ץ‬n ‫ץ‬N ͪ␦N͑x,t͒+ͩ ‫ץ‬n ‫ץ‬T ͪ␦T͑x,t͒.
͑1͒
It was already known that the sign of ͑‫ץ‬n / ‫ץ‬N͒ is positive 22 while the sign of ͑‫ץ‬n / ‫ץ‬T͒ is negative. 23 From these relationships, we assigned the fast and slow components to the convex lens effect of the ␦N and the concave lens effect of the ␦T, respectively. ␦N͑x , t͒ and ␦T͑x , t͒ are given by the following rate equations: where rad and nonrad are the radiative and nonradiative recombination lifetimes of carriers, D and D th are the diffusion coefficient of carriers and the thermal diffusivity of the material, Q, and C p are the generated heat from unit density of carriers, material density and the heat capacity of material, respectively. Since these simultaneous equations are difficult to resolve analytically, we solved them by numerical calculation. 17 -19 We used adequate proportional constant to each term and assumed a Gaussian shaped excitation spot with =3 m. Figure 3͑b͒ shows the time profiles of the carrier lens, thermal lens, and total TL signals. This calculated time profile is similar to the experimentally obtained profile ͑Fig. 2͒. This fact suggests that our analysis and assignment of the TL signal is reasonable. Figure 3͑c͒ presented the dependence of the TL time profiles. The time profile of the NSOM-TL with 200 nm aperture size is very difficult to experimentally detect, however we can estimate it by this calculation. Figure 3͑c͒ shows that the contribution of the ␦T becomes smaller with decreasing of and almost vanishes at = 200 nm. Thus, the NSOM-TL signal of our setup should be attributed to only the ␦N contribution. Figure 4 shows obtained ͑a͒ NSOM-PL and ͑b͒ NSOM-TL images with 3 ϫ 3 m scanning areas. We found a submicron scale spatial inhomogeneity in both NSOM-PL and NSOM-TL images. The spatial inhomogeneity of NSOM-PL is well known and interpreted to be the inhomogeneity of indium composition by the phase separation. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The bright regions correspond to the high density region of the carrier localization centers, which act as the radiative recombination centers ͑RCs͒. On the other hand, the spatial inhomogeneity of NSOM-TL should denote the carrier distribution in the InGaN active layer because we already knew that the NSOM-TL signal is attributed to only the ␦N ͓Fig. . These regions are corresponding to the bright regions in NSOM-PL. At these regions, the carrier density is high but emission is low. We consider that these regions denote the nonradiative recombination centers ͑NRCs͒, which had not so far been detected directly. The NRCs should be attributed to the point defects and/or threading dislocations, which are present all over the sample but are too small to detect by this technique. Their densities are distributed inhomogeneously and the high density areas are detected as NRC in Fig. 4͑b͒ .
There are other regions which have both dark PL and TL signal. These regions should be the high potential energy regions, which have low carrier density and low emission properties, since the generated carriers diffuse out from these regions. Previously, dark regions in NSOM-PL image have been considered to correspond to the NRC. However, the NRC and the high potential energy regions cannot by discriminated from each other by the conventional methods. Here we succeeded in such discrimination and the overall carrier diffusion and localization dynamics are schematized in Fig. 5 . Similar schematics have already been reported by the time-resolved NSOM measurement. 15, 16 In this method, the carrier diffusion and localization dynamics were obtained by comparing the PL intensities and PL lifetime at each pixel of the NSOM image, and also by comparing the NSOM image with illumination mode and illumination-collection mode. The NSOM-TL presented here is a much easier technique with simple setup and easy operation, and it provides for direct observation of the NRC.
We conclude that the TR-M-TL and NSOM-TL are powerful techniques to observe the nonradiative carrier dynamics, which has been very difficult to detect by the conventional methods, in semiconductor materials. The NSOM-TL image gives the carrier density distribution in the active layer. By comparing NSOM-PL and NSOM-TL images, both the RC and NRC were unambiguously discriminated with submicrometer scales.
